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Bone remodeling is a continuous physiological process that maintains skeletal integrity through bone resorption by osteoclasts, followed by bone formation by osteoblasts. This remodeling results from a time sequence that lasts six months on average. The remodeling process can be divided into four stages: 1) activation of osteoclasts (multinucleate cells responsible for bone resorption) and their precursors; 2) the resorption of old bone by the osteoclasts -which takes about three weeks; 3) end of bone resorption and 4) bone neoformation by osteoblasts. 1 Osteoporosis is a disorder characterized by decreased bone strength and increased risk of fracture, which occurs due to an imbalance in the bone remodeling process, where bone resorption exceeds bone formation. Prevention and treatment currently available for osteoporosis include bisphosphonates and selective estrogen receptor modulators (SERMs), which are antiresorptive agents, as well as parathyroid hormone analogues such as teriparatide, which are the only anabolic agents currently approved for the treatment of osteoporosis. On the other hand, side effects and the low efficacy of the treatments currently available have stimulated research into the pathophysiology of osteoporosis and the study of new drugs for treatment. 2 It should be noted that several researchers are looking for alternatives to improve or preserve bone mass with less side effects. 2 Therefore, there is need for greater understanding of bone biology to devise new strategies and therapies to treat osteoporosis. 3 Knowledge of the molecular mechanisms involved in the bone remodeling process is of paramount importance.
The onset of bone resorption is controlled by several mediators, including the receptor activator of nuclear factor-kappa B ligand (RANKL), a key cytokine for differentiation and activation of osteoclasts and their precursors. The discovery that bone marrow cells produce a natural antagonist of RANKL, known as osteoprotegerin (OPG), led to new lines of therapy. In the beginning, OPG was used as a treatment to block RANKL, and was initially successful. However, OPG antibodies seem to appear after its use, which makes its application as a treatment for osteoporosis difficult. Next, a monoclonal antibody against RANKL (Denosumab) was developed, which proved to be highly effective in the reduction of bone fractures, and is currently one of the best therapeutic options for the treatment of osteoporosis. 3, 4 New treatments for osteoporosis are, therefore, based on a better understanding of bone biology and the development of new, highly specific compounds, with fewer side effects. This review aims to evaluate the role of osteoprotegerin on bone tissue and other local targets for better understanding of the physiology of this protein.
Methods
The scientific databases consulted were: PubMed-Medline and Cochrane. A manual search from the references of reviews (narrative or systematic) was also performed. It included studies available in Portuguese, English, French or Spanish, whenever full texts were available. We used keywords (MeSH terms) grouped into the following syntaxes: (osteoprotegerin OR osteoclastogenesis inhibitory factor OR receptors, tumor necrosis factor, member 11b OR tumor necrosis factor receptor superfamily, member 11b OR FDCR-1 protein OR FDCR 1 protein OR OCIF protein OR follicular dendritic cell-derived receptor-1) AND (bones AND bone OR bones AND bone tissue OR bones OR bone tissue OR cardiovascular diseases). Experimental studies were included, as well as case reports, case series, cohort studies and controlled clinical trials (randomized or otherwise). Studies presenting preliminary results were excluded from the evaluation.
After submitting the search strategy on the primary databases, 1,971 articles were retrieved, after which assessment of titles and abstracts resulted in thirty-nine studies considered for analysis.
osteoprotegerin (opg)
In 1997, Simonet et al. 5 described a glycoprotein present in various organs of mice and rats (bone marrow, stomach, intestines, skin, liver, heart, lung and kidney), a member of the TNF receptor superfamily involved in bone mineral density, and named it osteoprotegerin (OPG), also known as an osteoclast inhibitory factor that regulates bone resorption. OPG is synthesized as a monomer (60 kDa), mounted as a homodimer within the cell, and then released into the blood stream, primarily as a homodimer linked by disulfide bridges. 5 OPG was identified as a cytokine member of the TNF receptor superfamily that binds to two ligands, the receptor activator of nuclear factor kappa-B ligand (RANKL), a key cytokine for the differentiation of osteoclasts, and a ligand related to the induction of apoptosis (TRAIL), involved in immune surveillance. 6 After binding to the first ligand, OPG inhibits the activation of osteoclasts, while the binding between OPG and TRAIL prevents apoptosis of tumor cells. Thus, as a decoding receiver for RANKL and TRAIL, OPG inhibits the regulation effects of nuclear factor kB on inflammation, and on the skeletal and vascular systems, preventing apoptosis induced by TRAIL.
The OPG molecule consists of three structural domains that influence its biological function. The N-terminal portion is a cysteine rich domain important for dimerization and osteoclastogenesis, while the C-terminal portion contains death domains and a heparin binding domain. The latter domain is able to interact with different proteoglycans, including heparan sulfate and heparin. 7 The connection between OPG and heparan sulfate present on the cell surface has been described in myeloma 8 cells and human monocytes. As mentioned, OPG is expressed highly in many organs, being produced by macrophages, the endothelium and smooth muscle cells and released into the blood stream. 10 OPG is also found in the electron-bodies of platelets, which is associated with the Von Willebrand factor. 11 It has also been observed that TNF-α and IL-1β increase levels of OPG, indicating that activation of endothelial cells by proinflammatory cytokines can be a possible source of circulating OPG in patients with cardiovascular disease. 11 In vitro experiments have shown that after stimulation with TNF-α, human smooth muscle cells pro-duce large amounts of OPG (up to 30 times more than endothelial cells), whereas insulin production decreases. 12 Osteoprotegerin and bone tissue In the mid-1990s, it was discovered that signaling via RANKL/RANK/OPG plays an important role in the regulation of bone remodeling. 5 In bone tissue, osteoblasts and osteocytes produce RANKL, which in turn binds to their RANK receptor located on the outer surface of the plasma membrane of osteoclasts and their precursors, stimulating activity and osteoclast differentiation, as well as inhibiting apoptosis, increasing survival of these cells. 13 Furthermore, OPG acts as a RANK competitor by binding to RANKL and preventing its interaction with RANK, thus inhibiting the formation and activity of osteoclasts 13 . The central role of OPG in bone remodeling has been validated by studies on genetically modified mice with an increase in OPG expression, resulting in mice with osteopetrosis, as there is no differentiation of osteoclasts, and OPG deletion promoting an excessive increase in osteoclastogenesis and the subsequent occurrence of severe osteoporosis and fractures.
14 Transgenic female rats engineered to express high OPG continuously for 1 year showed an increase in bone volume and density of the vertebrae and decreased bone resorption, with no experienced side effects. 15 Thus, OPG is considered a natural antagonist of RANKL and a potent inhibitor of bone resorption, with clear protective ability against bone loss. Furthermore, several experimental studies have shown that OPG not only acts as an inhibitor of bone resorption, but its dysfunction in the RANKL/RANK/OPG pathway is related to several bone remodeling disorders, such as osteoporosis, bone loss induced by glucocorticoids, Paget's bone disease and bone metastases. 16 Due to its anti-osteoclastogenesis effect, OPG has been studied and employed as a treatment for bone loss and osteoporosis. 3 It has been shown that the production of OPG can be stimulated in vitro by agents used against osteoporosis, such as 17β-estradiol, 3 raloxifene, 17 bisphosphonates 18 and mechanical stimuli. 19 In vivo studies also demonstrate that parenteral administration of recombinant OPG in healthy rodents results in a marked increase in bone mass and volume, and a decrease in the number and activity of osteoclasts, in addition to completely preventing bone loss induced by ovariectomy, although without adverse effects. 5 In primates, treatment with recombinant OPG promotes an increase in bone mineral density. 20 Moreover, clinical studies on post-menopausal women have shown that OPG administration can reduce bone resorption and the incidence of fractures. 18, 21 Despite its beneficial effects against bone loss, a potential concern with the use of OPG is a possible excess accumulation of newly formed bone tissue, and little resorbed bone tissue because of its strong anti-osteoclastogenesis action. 18 However, in a study in primates, relevant toxicological effects on bone were not found 22 and, in human studies, only moderate asymptomatic hypocalcemia was observed two to eight days after the dose. 23 Nevertheless more studies are needed to further investigate the possible side effects of treatment with OPG on the bone tissue.
Osteoprotegerin and cardiovascular disease
There is evidence toward the involvement of OPG in the pathogenesis of atherosclerosis and cardiovascular diseases (CVD), amplifying the adverse effects of inflammation and of various risk factors such as hyperlipidemia, endothelial dysfunction, diabetes mellitus and hypertension. 24, 25 Thus, a series of epidemiological studies have shown that increased levels of circulating OPG are associated with a significant and independent predictive value of the mortality/morbidity of cardiovascular calcification, suggesting that OPG is a possible mediator of vascular calcification. 26 Arterial calcification is a part of the atherosclerotic process leading to clinical cardiovascular disease. The presence of OPG in atherosclerotic plaques has been described, and studies have shown that it is located in areas of calcification. 27 High serum concentrations of OPG were correlated to the severity of peripheral arterial disease 28 and heart failure, 29 as well as symptomatic carotid stenosis, 30 unstable angina, 31 vulnerable carotid plaques, 32 acute myocardial infarction and risk of death compared to controls with stable atherosclerosis. 25 The relationship between OPG and CVD is supported by studies that show stimulation of OPG polymorphism, according to morphology and vascular function. 25 The clinical relevance of polymorphisms is based on the fact that serum levels of OPG influence functional activity. Recently, three polymorphisms of the OPG gene have been described (T245G, T950C and G1181C), related to the serum increase of this glycoprotein, which is found more frequently in patients with atherosclerotic plaques in the carotid 32 or in diabetic patients with a history of ischemic stroke. 33 Using animal models, Bucay et al. 34 showed that OPG knockout mice develop spontaneous arterial calcification; therefore, OPG appears to protect against vascular calcification. Furthermore, in ApoE knockout mice (a well-known model for atherosclerosis), depletion of OPG increases the progression of atherosclerosis and calcification. 35 Therefore, high levels of OPG seem to prevent cardiovascular events in humans. However, the protective role of OPG found in the animal model has not been observed in humans. In fact, the increase in OPG levels has been associated with the severity of cardiovascular disease.
The first association between OPG and CVD in humans was published in 2001, by Browner et al., 36 who reported an association between high OPG plasma levels and increased cardiovascular mortality in a cohort study of 490 women aged over 65. Therefore, associations between serum levels of OPG and traditional CVD risk factors have been described, including a positive correlation with smoking, fasting blood glucose, advanced age, diabetes and renal failure. 37 In addition, OPG concentrations are positively correlated with coronary calcification, vascular stiffness and the presence of unstable atherosclerotic plaques. 38, 39 It has been reported that the increase in serum levels of OPG in patients with acute myocardial infarction is associated with decreased microcirculation after revascularization. 40 In a population-based cohort study, increased OPG serum levels appear to be associated with future risk of myocardial infarction, ischemic stroke and cardiovascular mortality. 41 In a study of large numbers of patients with different types of cardiovascular disease, there was reported association between increased serum levels of OPG and the severity of cardiovascular disease. Additionally, increased levels of OPG were directly associated with the size of myocardial injury, estimated by magnetic resonance. 42, 43 Eren et al. 44 suggest that OPG may play a role in the pathogenesis of parity-induced atherosclerosis, as an increased risk of cardiovascular disease and increased the thickness of the carotid intima-media layers was noted.
It should be mentioned that there is still some controversy, as Bjerre 45 reports that increased levels of OPG are not directly involved with the extent of myocardial injury. The author also reports that high levels of OPG would be a biomarker for cardiovascular complications. The fact that OPG is present in platelets may be the link between increased levels of OPG and thrombosis. Thus, OPG levels may simply reflect the extent of CVD.
Although clinical results confirm that OPG is an active cytokine in a wide range of diseases (osteoporosis, arthritis, vascular calcification, bone cancer related disease), OPG plasma levels may be associated with the activity of these diseases. 46 Osteoprotegerin and other organs OPG is an essential protein in bone remodeling; however, additional data show different biological functions.
OPG may promote survival and proliferation, and facilitate cell migration by blocking apoptosis related to TNF (TRAIL), glycosaminoglycans or proteoglycans. A number of in vitro tests, pre-clinical and clinical studies also provide evidence of the involvement of OPG in the immune system. 6 Studies have shown that OPG has a central role in immune response and may mediate cell survival. Yun et al. 47 showed that OPG regulates B-cell maturation, as mice lacking OPG have a higher population of these cells. Furthermore, the dendritic cells of these mice have an increased capacity to stimulate T cells.
Indeed, OPG increases leukocyte adhesion to endothelial cells 48 and stimulates the proliferation and migration of human capillary endothelial cells. 49 This study suggests that OPG has a central role in immune response and may mediate cell survival. Another function relates to the fact that OPG is able to bind to TNF (TRAIL), thereby blocking apoptosis. 50 Candido 51 reports increased TRAIL and OPG in the serum of patients with diabetic nephropathy, and that the pro-inflammatory cytokines and high glucose levels increase TRAIL, whereas OPG is neutralized by this action.
conclusion
Despite osteoprotegerin being a potent inhibitor of bone loss, high serum levels of this cytokine are indicative of calcification-related vascular diseases. A deeper knowledge of the mechanisms involved in the association between OPG serum levels, bone integrity and cardiovascular disease can provide important data for future therapeutic interventions.
resuMo Níveis séricos elevados de osteoprotegerina na mulher: aliado ou inimigo?
Introdução: a osteoprotegerina (OPG) tem surgido como uma nova candidata para o tratamento da osteoporose; no entanto, níveis elevados de OPG têm sido relacionados à calcificação vascular, um fator de risco independente e bem definido para doença cardiovascular (DCV) e mortalidade. Assim, a ação da OPG nessas situações tem sido questionada. Objetivo: avaliar a ação da OPG no corpo humano, em especial no tecido ósseo e nas doenças vasculares. Métodos: as bases de informação científica consultadas foram PubMed-Medline e Cochrane, utilizando-se palavras-chave (MeSH terms) agrupadas nas seguintes sinta- Resultados: a OPG está presente em vários órgãos e une--se a dois ligantes: o fator nuclear kB (RANKL), relacionado com a diferenciação dos osteoclastos, e o fator de necrose tumoral, relacionado ao ligante indutor de apoptose (TRAIL). Assim, a OPG inibe os efeitos da regulação do fator nuclear kB na inflamação e nos sistemas esquelético e vascular, prevenindo a apoptose induzida pelo TRAIL, estando relacionada com a preservação do tecido ósseo. Conclusão: um conhecimento mais aprofundado sobre os mecanismos envolvidos na associação entre os níveis séricos da OPG, integridade óssea e doenças cardiovasculares podem proporcionar dados importantes para futuras intervenções terapêuticas.
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